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Advanced oxidation processes are defined as processes that generate hydroxyl radicals in 
sufficient quantities to be able to oxidize majority of the complex chemicals present in 
effluent water. Hydroxyl radicals are powerful oxidizing reagents with an oxidation 
potential of 2.33 V and exhibit faster rates of oxidation reactions as compared to the 
conventional oxidants like hydrogen peroxide or KMnO4.  Sonochemistry is the 
application of ultrasound to enhance or alter chemical reactions, and belongs to advanced 
oxidation processes (AOPs). Sonochemistry can enhance or promote chemical reactions 
and mass transfer, resulting in the potential for shorter reaction cycles, cheaper reagents, 
and less extreme physical conditions, finally leading to less expensive and perhaps 
smaller plants.  
 
In this study, degradation of a dye, orange G, was investigated in order to determine 
optimum conditions in combined AOP processes involving sonochemistry.  The hydroxyl 
radicals and the subsequent hydrogen peroxide formation in the solution at various 
conditions were monitored using the spin-trapping method of OH• detection by DMPO 
and the colorimetric method, respectively. These methods can successfully monitor OH• 
produced during sonochemical processes, and identify the major reaction sites involving 
OH• of the three proposed reaction zones: within the cavity, in the bulk solution, and at 
the gas-liquid interfacial (shell) region.  
 
In addition, the efficacy of a sonophotochemical reactor with a maximum volume 2.2 L 
coupling ultrasonic irradiation with photocatalytic oxidation has been evaluated using 
Summary 
 v
orange G as the model compound. Results showed that ultrasound may modify the rate of 
photocatalytic degradation by promoting the de-aggregation of the photocatalyst and by 
favoring the scission of the photocatalytically and sonolytically produced H2O2, with a 







EE/O Electric energy per order of pollutant removal in 1 m3 wastewater, 
 (kWh per m3 per order) 
 
k First order rate constant (l/min) 
  
T Temperature (K) 
  
Pdiss Power dissipated (Watts) 
  
P0 Ambient pressure (bar) 
  
t Operation time (s) 
  
Pv Pressure in the bubble at its maximum size (bar) 
  
Tmax Maximum temperature generated inside the bubble (K) 
  
tt Treatment time (min) 
  
V  Volume of the aqueous solutions (l) 
  
C0 Initial concentration (mol/l) 
  
m Mass of solution (kg) 
  
Cf  Final concentration (mol/l) 
  
cp  Specific heat (J/(kg˚C)) 
  
P Rated power (kW) 
  
r0 Resonant radius of the bubble (m) 
  
E Activation energy (J/mol) 
  
K Proportionality constant 
  
Cg Concentration of organic vapor in the gas phase (mol/m3) 
  
D1 Diffusion coefficient (m2/s) 
  




I Intensity of sound waves (W/cm2) 
  
I0 Intensity at the source (W/cm2) 
  
  
Greek letters  
γ Specific heat ratio 
  
τ Collapse time of the bubbles (s) 
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Ultrasound occurs at a frequency above 16 kHz, higher than the audible frequency of the 
human ear, and is typically associated with the frequency range of 20 kHz to 500 MHz. It 
was first applied to enhance chemical reaction rate in 1927, when Loomis reported the 
chemical and biological effects of ultrasound for the first time. Since then, the field has 
been achieving continuous and useful advances. Nowadays, the application of ultrasound 
covers a wide range of fields, as shown in Table 1.1. 
 
The chemical and mechanical effects of ultrasound are mainly result of the implosive 
collapse of cavitation bubbles, which leads to surprisingly high local temperature and 
pressure. Locally, the high temperature and pressure may reach up to 5000 K and 1000 
atm, respectively (Flint and Suslick, 1991; Suslick, 1990). These rather extreme 
conditions are very short-lived but have shown to result in the generation of highly 
reactive species including hydroxyl (OH•), hydrogen (H•) and hydroperoxyl (HO2•) 
radicals, and hydrogen peroxide (Makino et al., 1982; Misk and Riesz, 1994). These 
radicals are capable of initiating or promoting many fast reduction-oxidation (REDOX) 
reactions. Besides the chemical effects, ultrasound may produce other mechanical or 
physical effects such as increasing the surface area between the reactants, accelerating 
dissolution, and/or renewing the surface of a solid reactant or catalyst.    
 
Ultrasound has proven to be a very useful tool in enhancing the reaction rates in a variety 
of reacting systems. It has successfully increased conversion, improved yield, changed 
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reaction pathways, and/or initiated reactions in biological, chemical, and electrochemical 
systems. Furthermore, the use of ultrasound may enable operation at milder operating 
conditions (e.g., lower temperatures and pressures) (Adewuyi, 2001; Gogate, 2002; 
Gogate and Pandit, 2001; Gonze et al., 1999; Moholkar et al., 1999; Hoffmann et al., 
1996; Mason and Lorimer, 2002). For these reasons, use of ultrasound appears to be a 
promising alternative for high-value chemicals and pharmaceuticals. In addition, research 
is continually underway to make it a feasible option in the ongoing effort to intensify 
large-scale processes. Recently a pilot plant, funded by the Electricite de France, uses 
ultrasound to indirectly oxidize cyclohexanol to cyclohexone (Keil and Swamy, 1999). 
Hoechst and several other companies worked on a project with Germany’s Clausthal 
Technical University (Clausthal-Zellerfeld) which used a modular sonochemical reactor 
to produce up to 4 metric tons of Grignard reagent/year. They found ultrasound to 
increase the conversion by a factor of 5 and reduce the induction period from 24 h to 50 
min (Keil and Swamy, 1999). In addition, its application to the treatment of wastewater 
containing toxic and complex pollutants (both from industrial and domestic sources) is 
shown to be among the most attractive field of study.  
 
Neppiras (1980) first coined the term sonochemistry, which is the application of 
ultrasound to enhance or alter chemical reactions, and belongs to advanced oxidation 
processes (AOPs) (Thompson and Doraiswanmy, 1999). Advanced oxidation processes 
are defined as processes that generate hydroxyl radicals in sufficient quantities to be able 
to oxidize majority of the complex chemicals present in effluent water. Hydroxyl radicals 
are powerful oxidizing reagents with an oxidation potential of 2.33 V and exhibit faster 
rates of oxidation reactions as compared to the conventional oxidants like hydrogen 
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peroxide or KMnO4 (Gogate et al., 2002a). Hydroxyl radicals react with most organic and 
many inorganic solutes with high rate constants (Glaze et al., 1992; Jiang et al. 2002; 
Hoigne, 1997). 
 
There are several oxidation technologies such as sonochemical oxidation, photocatalytic 
oxidation, Fenton, chemical oxidation, wet air oxidation, sub-critical, critical and super-
critical water oxidation processes.  Typical radical reactions of some AOPs are shown in 
Table 1.2. Among these methods, wet air oxidation, sub-critical, critical and super-critical 
water oxidation processes need sophisticated instrumentation for high 
temperature/pressure operation, and they are generally used for highly concentrated 
effluents (typical COD load > 40,000 ppm) for cost-effective operation. On the other 
hand, the other processes have the potential to degrade the new toxic chemicals, bio-
refractory compounds, pesticides, etc. either partially or fully, most importantly under 
ambient conditions. Hence, the present work puts more emphasis on these processes.  
 
A majority of these oxidation technologies, however, fail to degrade complex compounds 
completely, especially in the case of real wastewaters. Moreover, they cannot be used for 
processing large volumes of real waste water with the present level of technology of these 
reactors. Commenges et al. (2000) have shown that ultrasound fails to produce substantial 
degradation of pollutants in the case of real industrial effluent. Similar results have also 
been reported by Beltran et al. (1997) for the case of photocatalytic oxidation of distillery 
and tomato wastewaters. Perhaps, these can be used to degrade the complex residues up 
to a certain level of toxicity beyond which the conventional biological methods can be 
successfully used for further degradation (Beltran et al. 1999a, b; Engwall et al., 1999; 
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Kitis et al., 1999; Sangave et al., 2004; Scott and Ollis, 1995). It should also be noted that 
the efficacy of conventional methods would also depend on the level of toxicity reached 
in the pretreatment stages, using the oxidation techniques. Thus, it is important to select 
proper pretreatment technique to improve the overall efficiency of the wastewater 
treatment unit.  
 
 
Table 1.1 Application of ultrasound 
Chemical and allied industries other 
air scrubbing  
atomization  
cell disruption  














stimulus for chemical reactions  






Degradation of powders  




Fatigure testing  
Flaw detection  




Metal tube drawing 
Nondestructive testing of metals  
Physiotherapy  
Plastic welding  
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Table 1.2 Some Advanced Oxidation Processes 
Sonolysis H2O → H• + OH• 
Photocatalysis TiO2 + hv → TiO2 ( hvb+ + e- ) 
hvb+ + OH- →•OH  
Ozone-peroxide-UV O3 + -OH → O2 - → •OH 
3O3 + UV (<400nm ) → 2•OH  
H2O2 +O3 → 2•OH 
H2O2 + O3 + UV→ •OH 
Fenton reactions  Fe 2+ + H2O2 → •OH + Fe 3+ + OH-  
Wet oxidation (WO) RH +O2 →R• + HO2•  
RH + HO2• →R• + H2O2                             
H2O2 + M → 2OH•   
RH + OH• → R• + H2O    
R• + O2  → ROO•   
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The objectives of this thesis are: 
1. To investigate the degradation of selected model compound in different 
sonochemical reactor systems in order to explore the influences of several 
parameters such as initial concentration, reactor volume, power, and ultrasonic 
frequency. 
2. To investigate the efficacy of combining ultrasonic irradiation with ozone, 
photolysis, photocatalysis, and H2O2 for treating organic pollutants in 
wastewater.  
 
The thesis is divided into five chapters. Chapter one comprises of the introduction. A 
brief review on sonochemical degradation on various chemicals and its application in 
combination with other advanced oxidation processes is presented in Chapter two. The 
experimental details are described in Chapter three. Results of experiments, theoretical 
analysis and a discussion on their significance are presented in Chapter four. The 
conclusions and recommendations for future research are given in Chapter five.  
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Chapter 2     
Literature Review 
In this chapter, a review of the literature relevant to the application of ultrasound in water 
treatment (also known as sonochemistry) is presented. In addition, other advanced 
oxidation processes (AOPs), such as photolysis and ozonation are cited. Sonochemistry is 
a type of AOPs and is also used closely with other AOPs in this study.  
 
2.1 Sonochemistry 
The influence of ultrasonic energy on chemical activity may involve one or all of the 
following: production of heat, promotion of mixing (stirring) or mass transfer, promotion 
of intimate contact between materials, and production of free radicals (Weavers and 
Hoffmann, 1998). The physical effects of ultrasound can enhance the reactivity of a 
catalyst by enlarging the surface area or accelerate a reaction by proper mixing of the 
reagents. The chemical effects of ultrasound that could enhance reaction rates are due to 
the formation of highly reactive radical species formed during cavitation (Ratoarinoro et 
al., 1995). 
 
2.1.1 Fundamentals of ultrasound 
Ultrasound is sound wave at frequencies above 16 kHz. Ultrasonic energy produces 
alternating adiabatic compression and rarefaction of the liquid media being irradiated. In 
the rarefaction part of the ultrasonic wave (when the liquid is unduly stretched or “torn 
apart”), microbubbles form because of reduced pressure (i.e., sufficiently large negative 
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pressures). These microbubbles contain vaporized liquid or gas that was previously 
dissolved in the liquid. The microbubbles can be either stable about their average size for 
many cycles or transient when they grow to certain size and violently collapse or implode 
during the compression part of the wave. The critical size depends on the liquid and the 
frequency of sound, at 20 kHz, for example, it is roughly 100-170 µm. The implosions 
are the spectacular part of sonochemistry. The energy put into the liquid to create the 
microvoids is released in this part of the wave, creating high local pressures up to 500atm 
and high transitory temperatures up to 5000K (Flint et al., 1991; Suslick et al., 1990, 
1989; Makino et al., 1982). This energy-releasing phenomenon of the bubble formation 
and collapse is called cavitation, or for the case described above, acoustic cavitation. 
 
2.1.2 Cavitation 
Cavitation is the underlying mechanism for effects observed due to ultrasonic irradiation, 
and can be defined as formation, growth and subsequent violent collapse of microbubbles 
or cavities, resulting in the generation of extremely high temperatures and pressures 
locally (Mason and Lorimer, 1988; Suslick, 1990). It should also be noted that though the 
release of energy is over very small pocket, cavitation events occur at multiple locations 
in the reactor simultaneously, hence the overall effects are noticeable based on the work 
of Naidu et al. (1994).  They calculated the number of cavities existing in the reactor at a 
given time using theoretical modeling of the bubble dynamic equations though it is 
extremely difficult to quantify the exact number of cavitation events using experiments.  
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The physical and chemical effects of ultrasound are result of both stable and transient 
cavitational events. Stable cavities oscillate for several acoustic cycles before collapsing, 
or never collapse at all. Generally, the collapse under these conditions is not very violent 
(Leighton, 1994).  
 
Transient cavities, conversely, exist for only a few acoustic cycles. During its existence, a 
transient cavity grows several times larger than its initial size, then collapses violently to 
generate extreme temperatures and pressures within its cavity (Neppiras, 1980). The 
maximum temperature and pressure are calculated to be around 5000 K and 500 atm, 
respectively, based on the assumption that the collapse is adiabatic, gas in the bubbles is 
ideal, and the surface tension and viscosity of the fluid are neglected. These constituted 






            (2.1)                   
])1[(0max p
pTT m−= γ
                    (2.2) 
where,  p is the gas pressure in the bubble at its maximum size,  
pm is the liquid pressure at transient collapse, 
T0 is the ambient temperature, 
 γ is the polytropic constant = Cp/Cv  
 
2.1.3 Reaction Zones and Pathways  
Up to now most studies in environmental sonochemistry adopted the “hot spot” concepts 
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to explain the sonochemical events. This theory suggests that a pressure of thousands of 
atmosphere (up to 500 atm) is generated and a temperature of about 5000 K results 
during the violent collapse of the bubble (Flint 1991; Suslick 1989, 1990). In the 
“structured hot spot” model shown in Figure 2.1, three reaction zones for the occurrence 
of chemical reactions are postulated: (1) a hot gaseous nucleus; (2) an interfacial region 
with radial gradient in temperature and local radical density; and (3) the bulk solution at 
ambient temperature. Reactions involving free radicals can occur within the collapse 
bubble, at the interface of the bubble, and in the surrounding liquid. 
 
 
Fig. 2.1 Three reaction zones in the cavitation process  
                                                                  Gas-liquid             
                                                                                Interface:   
           
                                                                                T ~ 2000K 
                                                                                •OH(g) + S(g)  
                                                                                                                                       → products 
                                                                     2           OH•→H2O2 
Cavity Interior 
 
Up to: ~5000K 
          ~500atm 
H2O → •H(g) + •OH(g) 
           S(g) → products 
S(g) + •OH(g) → products 
Substrate(s) 
Bulk Solution Media: T~ 300K 
 
H2O2, O2, OH• 
•OH(aq) + S(aq) → products 









OH•   H•   OH•   H•   
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Within the center of the bubble, harsh conditions generated on bubble collapse cause 
bond breakage and /or the dissociation of the water and other vapors and gases, leading to 
the formation of free radicals or the formation of the excited states. The high 
temperatures and pressures created during cavitations provide the activation energy 
required for the bond cleavage. The radicals generated either react with each other to 
form new molecules and radicals or diffuse into the bulk liquid to serve as oxidants.        
 
The second reaction site is the liquid shell immediately surrounding the imploding cavity, 
which has been estimated to heat up to approximately 2000 K during cavity implosion. In 
this solvent layer surrounding the hot bubble, both combustion and free-radical reactions 
occur (Misk et al., 1995). Reactions here are comparable to pyrolysis reactions. Pyrolysis 
(i.e., combustion) in the interfacial region is predominant at high solute concentrations, 
while at low solute concentrations, free-radical reactions are likely to predominate.  It has 
been shown that the majority of degradation takes place in the bubble-bulk interface 
region (Hoffmann and Hua, 1996). The liquid reaction zone was estimated to extend 
~200 nm from the bubble surface and had a lifetime of <2 µm (Flint 1991; Suslick 1989, 
1990). 
 
In the bulk liquid, no primary sonochemical activity takes place although subsequent 
reactions with ultrasonically generated intermediates may occur.  
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Generally, the ultrasonic degradation of organic compounds in dilute aqueous solutions 
depends to a large extent on the nature of the organic material. Hydrophobic and volatile 
organic compounds tend to partition into the collapsing cavitation bubbles and degrade 
mainly by direct thermal decomposition leading to the formation of combustion 
byproducts (Hua and Hoffmann, 1997). Hydrophilic and less volatile or nonvolatile 
compounds degrade to form oxidation or reduction byproducts by reacting with hydroxyl 
radicals or hydrogen atoms diffusing out of the cavitation bubbles. Thermal destruction 
processes are not considered important for nonvolatile substrates because they do not 
partition appreciably into the bubbles.  
 
2.1.4 Optimum operating parameters for sonochemical degradation 
1. Optimum frequency is system specific and depends on whether intense temperatures 
and pressures are required (thus enhanced by lower frequencies) or if the rate of single 
electron transfer is more important (then better with higher frequencies) (Thompson and 
Doraiswamy, 1999). Lower frequency ultrasound produces more violent cavitation, 
leading to higher localized temperatures and pressures at the cavitation site (Mason and 
Lorimer, 2002). On the other hand, higher frequencies may actually increase the number 
of free radicals in the system because, although cavitation is less violent, there are more 
cavitational events and thus more opportunities for free radicals to be produced (Crum, 
1995).However, use of multiple frequencies seems to combine the two advantages of 
high and low frequencies. Sivakumar et al. (2002) reported more intense cavitation for 
the multiple frequency operation compared to the single frequency operation, which was 
indicated by the higher values of the pressure. Thus, dual or triple frequency reactors 
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should be used which will also give similar results to a single very high frequency 
transducer, but with minimal problems of erosion (Moholkar et al., 1999). Larger 
volumes of effluent can be effectively treated due to increased cavitationally active 
volume for multiple transducers (Sivakumar et al., 2002; Gogate et al., 2002b).  
 
2. Greater energy efficiency has been observed for ultrasonic probes with larger 
irradiating surface, (lower operating intensity of irradiation) which results into uniform 
dissipation of energy (Gogate and Pandit, 2001). Thus, for the same power density 
(power input into the system per unit volume of the effluent to be treated), power input to 
the system should be through larger areas of irradiating surface. 
 
3. The physicochemical properties of the liquid medium (vapor pressure, surface tension, 
viscosity, presence of impurities/gases etc.) also crucially affect the performance of the 
sonochemical reactors. Cavities are more readily formed for a solvent with high vapor 
pressure, low viscosity, and low surface tension. However, the intensity of cavitation is 
enhanced by using solvents with opposing characteristics (i.e., low vapor pressure, high 
viscosity, and high surface tension) (Gogate, 2002; Gogate and Pandit, 2001). 
 
4. The rate constant for the sonochemical degradation of the pollutants is higher at lower 
initial concentration of the pollutant and hence pre-treatment of the waste stream may be 
done in terms of diluting the stream for enhanced cavitational effects. However, an 
analysis must be done comparing the positive effects due to decreased concentration and 
the negative effects associated with lower power density to treat larger quantity of 
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pollutant (extent of degradation is directly proportional to power density up to an 
optimum value (Sivakumar and Pandit, 2001)). 
 
5. Aeration and addition of catalyst such as TiO2 and also salts such as NaCl, 
significantly enhances the extent of degradation (Pandit et al., 2001; Hung and Hoffmann, 
1998). Presence of gases (oxygen, ozone) or gaseous mixtures such as Ar/O3 mixture also 
increases the efficiency of acoustic cavitation in some cases (Hart and Henglein, 1985; 
Entezari et al., 2003; Weavers et al., 1998, 2000). It should be noted that it is difficult to 
generalize and optimize the effect of the presence of gases and/or catalyst, as the effect is 
usually not unidirectional.  
 
6. Rate of the destruction is inversely proportional to the operating temperature, which 
also affects the vapor pressure of the medium, and hence lower temperatures (typically of 
the order of 10–15 ˚C) are preferred (Suslick et al., 1997; Sivakumar et al., 2002). 
However, if the dominant mechanism of destruction is pyrolysis, e.g. destruction of tri-
chloroethylene (Drijvers et al., 1999), an opposite effect is possibly more viable, i.e. 
degradation rate increases with increasing temperatures.  
 
2.2 Application of sonochemistry in wastewater treatment process 
In recent years, numerous studies have been reported on the use of ultrasonic irradiation 
for the wastewater applications with investigations varying in terms of target chemical 
studied, type of the equipment and operating conditions (Cheung et al., 1991; Destaillats 
et al., 2001; Gogate et al., 2003; Goskonda et al., 2002; Ince and Tezcanli, 2001; Joseph 
et al., 2000; Teo et al., 2001). The time scales of treatment in simple batch reactors are 
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generally in the range of minutes to hours for complete degradation. Typically, a first or 
zero order kinetics of sono-degradation of pollutants was observed by most investigators. 
The types of pollutants that were studied and can be degraded by ultrasonic irradiation 
mainly cover the categories shown in Table 2.1 (a comprehensive summary was 
presented by Adewuyi, 2001):  
 
 




















• Phenol, 2-, 3-, 4- and 2,4-chlorophenols, p-nitrophenol, and p-nitrophenyl acetate 
(PNPA) 
•  Benzene, toluene, ethylbenzene, 1,3,5-trimethylbenzene (mesitylene), xylene, 
fluoro-, bromo-, iodo- and chlorobenzene, hydroxybenzoic acids, humic acids, 
nitrobenzene, nitro- and chloro-toluene, and styrene 
• Polycyclic aromatic hydrocarbons (PAHs), - anthracene, phenanthrene, pyrene, 
byphenyl, and dioxin 





















• Trichloroethylene (TCE) and tetra- or perchloroethylene (PCE) 
• Carbon tetrachloride (CCl4), chloroform (CHCl3), dichloromethane (CH2Cl2), and 
methylene chloride (CH3-Cl) 
• 1,1,1-Trichloro and 1,2-dichloroethane 
• Chloral hydrate 







 • 2,4,6-Trinitrotoluene (TNT) 
• Cyclotrimethylene-trinitramine (RDX) 

















• Herbicides: atracine, alachlor, chlorpropham (isopropyl-3-chlorocarbanilate 3-
chloraniline) 
• Pesticides: pentachlorophenol (PeCP) and pentachlorophenate (PCP), 
polychlorophenyls (PCBs), phenyltrifluoromethyl ketone (PTMK) 
 










   
• Azo -dye, remazol black (RB) 
 




































• Methyl tert-butyl ether (MTBE), methanol, and ethanol 
• Mixtures of alcohols and chloromethanes 













 • Industrial wastes of a cyclohexane oxidation unit 
• Natural groundwater and organic matter 





It should be noted that majority of the work on ultrasonic irradiation is on laboratory 
scale and further works need to be done both in terms of the design strategies for the 
scale-up and feasibility of the operation of transducers at higher levels of power 
dissipation, before successful application of sonochemical reactors are feasible at an 
industrial scale. In addition, almost all the studies are with model pollutants. However, 
there are some contradictory results when applied to real effluents containing a variety of 
compounds. Peters (2001) has studied the sonolytic degradation of 1,2-dichloroethane, 
prepared in deionized water (model constituent solution) and also in the natural sample 
(concentration of approx.350 –390 mg/l with other VOC amounting to 80–85 mg/l), 
reporting that the destruction was complete within 120 min for all the components (at 
conditions of operating frequency of 361 kHz, calorimetric power dissipation of 
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260W/m3 W, volume of effluent as 200 ml, operating pH of 6.28 and temperature of 9 ˚C) 
and also for some of the intermediates formed in the destruction process (e.g. trans-1,2- 
dichloroethane). However, in another work, Commenges et al.(2000) have reported that 
ultrasonic irradiation failed to induce any decrease in the toxicity and COD for a 
concentrated sample of the effluent from a paper mill (at operating conditions of 
operating frequency as 500 kHz, calorimetric power dissipation as 150 kW/m3 and 
operating temperature at 20˚C). This may be possibly attributed to the high concentration 
of the complex refractory materials. Dilution of the stream resulted in approximately 17% 
COD reduction; still sonication is not a favored method for these types of effluents. Thus, 
question still remains: can the highly efficient laboratory scale technique for model 
constituent solutions are feasible for the degradation of real effluents? Detailed analysis 
and investigations still are needed.  
 
2.3 Reactors used in wastewater treatment process and scale-up 
Sound waves are generated by transducers which are the core part of sonochemical 
reactors. Piezoelectric and magnetostrictive transducers are the two main types of 
transducers that are commonly used to generate cavitation in sonochemical research, 
which convert electrical energy to sound energy.  
 
Various sonicator designs, differing in terms of the operating and geometric conditions 
such as horn/probe, bath, near field acoustic processor, parallel plate processor, 
hexagonal flow cell etc., are available. Fig. 2.2 gives the schematic representation of the 
commonly used sonochemical equipment.  




   Fig. 2.2 Schematic representation of sonochemical equipment (Gogate et al., 2002) 
 
Typically, the equipment with higher dissipation area give larger energy efficiency at 
similar levels of the supplied input energy (Gogate et al., 2001, 2002a, b). Also, use of 
equipment based on multiple frequencies/multiple transducers has been reported to be 
more beneficial as compared to the equipment based on a single frequency (Hua and 
Hoffmann, 1997; Sivakumar et al., 2002). The detailed discussion about the different 
types of sonochemical reactors has been made earlier (Pandit and Moholkar, 1996; 
Thompson and Doraiswamy, 1999; Keil and Swamy, 1999). 
 
About the application of sonochemical reactors in real industrial processes, there are just 
a few examples. Germany’s Clausthal Technical University is operating a modular 
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sonochemical reactor which produces up to 4 metric tons of Grignard reagent/ year 
(Ondrey et al., 1996). In France, the Electricite de France is funding the piloting of an 
ultrasonic electrolytic reactor to be used for the indirect oxidation of cyclohexanol to 
cyclohexone (Ondrey et al., 1996). And ultrasonic horns vibrating in radial directions, 
which also give additional advantage of better energy dissipation due to larger irradiating 
area (Dahlem et al., 1998), is one new development with promising future for medium to 
large-scale applications, but more work is required in terms of testing these equipment for 
operation at high frequency and high power dissipation. Other papers in the literature 
concerning the scale-up of sonochemical reactions include those published by Destaillats 
et al., 2001, Gogate and Pandit, 2000, Keil and Swamy, 1999, Mason and Lorimer, 2002. 
 
2.4 Scale-up consideration 
First, reaction kinetics and behavior should be investigated to sure that ultrasound is 
required to obtain the desired reaction enhancement. Then several factors need to be 
considered before scale-up. To begin with, the properties of the fluid and dissolved gases 
are extremely important to the type and amount of sonication required. In addition, the 
presence of solids, their nature, size, and structure will also affect the reactor selection. In 
addition to knowing the characteristics of the reaction mixture and the kinetics of the 
reaction, one must also have knowledge of the optimum system and ultrasonic conditions, 
such as the ambient reaction temperature, pressure, frequency, dissipated power, 
ultrasonic field, and their interactions. Addition of equipment within a reactor (i.e., 
baffles, stirrers, and cooling coils) affects the distribution of ultrasonic energy because of 
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wave reflection. All scale-up considerations discussed thus far are summarized in Fig 2.3 
(Thompson and Doraiswamy 1999). 
 
Further, it is also important to consider the cost of applying ultrasonic irradiation for the 
destruction process on an industrial scale. The current costs for the cleaning of 
contaminated ground water using acoustic cavitations are in the order of magnitude, 
higher than those by an air stripping/active carbon process (Peters, 2001). Thus, it is 
important to either find an alternative means for generating cavitation energy efficiently 
or use acoustic cavitation in combination of other methods such as photocatalytic 
oxidation to enhance the reaction rate in order to lower operation cost (Mrowetz et al., 
2003, Naffrechoux et al., 2000, Wu et al., 2001), wet air oxidation (Ingale and Mahajani, 
1995; Dhale and Mahajani, 1999) etc.  
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2.5 Combination of sonochemistry with other technologies in 
wastewater treatment processes 
It seems that the total mineralization of pollutants is difficult with the application of 
ultrasound alone, in particular for the case of mixture of pollutants, since the time scale 
and the dissipated power necessary to mineralize chemically different pollutants are not 
economically feasible (Pandit et al., 2001). Thus it is necessary to combine ultrasonical 
reactors with other techniques so as to increase the effective destruction efficiency.  
 
2.5.1 Ultrasound combined with photolysis 
Hydroxyl radicals and hydrogen peroxides are the major oxygenating species that are 
responsible for the chemical degradation in sonolytic reactions. However, significant loss 
of H• and OH• radicals species take place due to the recombination of the radicals. The 
application of UV light turned the hydrogen peroxide produced by recombination back 
into the hydroxyl radicals increasing the amount of OH radicals. Wu et al. (2001) 
reported a significant increase in phenol degradation rate when the sonolysis was 
promoted by photolysis. The combined effect of US and UV leads to 99% degradation 
compared to the 54% achieved with sonication alone. Similarly, TOC removal increased 
from 5-20% on the application of UV. The photosonochemical decomposition of chloro-
aromatic compounds like 4-chlorophenol, 2, 4-dichlorophenol, 3-chlorobiphenyl and 
pentachlorophenol was studied by Johnston and Hocking (1993). The combined effect of 
US and UV shows higher degradation of the above organics as compared to individual 
sonolysis and photolysis alone.  
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2.5.2 Combination with ozonation 
Ozonation is widely used to produce free radicals in the treatment of drinking water, 
since it can react with various organic or inorganic contaminants in water: direct reaction 
by its molecular form, or indirect through its free radical decomposition products. When 
water is ozonated during ultrasonic irradiation, the increase in hydroxyl radical 
production is synergy that probably arises from enhanced mass transfer of ozone to 
solution allowing more ozone to enter solution that in a non-irradiated system (Dahi, 
1976) and thermal decomposition of ozone (Kang and Hoffmann 1998; Weavers and 
Hoffmann 1998): 
O3 → O2 + O (3P)                                  (2.3) 
O (3P) + H2O→2OH•                             (2.4) 
From these two equations, it can be said that the combination of ozone and ultrasound 
may be an effective oxidation systems since two hydroxyl radical molecules are formed 
per ozone molecule consumed. However, ozone may also react with atomic oxygen or 
other reactive species in or near the bubbles; furthermore, it may also scavenge hydroxyl 
radicals, thus reducing the efficiency of hydroxyl radical production (Kang and 
Hoffmann, 1999).  
O3 → O2 + O (3P)                                  (2.5) 
O3 + OH•→ OH2• + O2                         (2.6) 
Kang and Hoffmann (1999) observed the enhancement in the degradation of MTBE at 
two frequencies: 205 and 358 kHz.  
 
 
Chapter 2 Literature Review 
 23
2.5.3 Combination with biotechnologies 
 
Biological processes for wastewater treatment usually have high removal efficiency, in 
terms of COD or TOC, low operating cost, and are widely used in water treatment. 
However, some chemicals such as dyes and some PAHs usually have a synthetic origin 
and complex aromatic molecular structures, which make them relatively stable and 
recalcitrant to biological degradation. On the contrary, these biorefractory chemicals were 
reported to be degraded by ultrasound (Mason et al., 2003). However, the time-scale and 
the dissipated power necessary to obtain complete mineralization of the pollutants in the 
case of ultrasound treatment are not economically acceptable.  
 
Hence, ultrasound process may be studied as a useful pre-oxidation step before a 
bioprocess. In sonochemical process, stable structure and chemical properties of organic 
substances are altered and big molecules broken into smaller intermediates, which could 
be easily mineralized by subsequently following bioprocesses (Sinisterra 1992). Sangave 
and Pandit (2004) observed that COD degradation in distillery water was almost doubled 
after ultrasound pretreatment (44 %), compared to untreated samples (25 %).  
 
2.6 EPR and spin trapping 
Electron paramagnetic resonance (EPR) spectroscopy is a technique that allows detection 
of molecules or atoms with an unpaired electron by measuring the absorption of high 
frequency microwave energy (~ 9 GHz is used in most experiments) during the 
transitions of the unpaired electron between the Zeeman energy levels. The typical 
Zeeman separation of energy levels for electrons with spin = + 1/2 and spin = - 1/2 is 
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enhanced by the magnetic field (typically about 3000 G). The absorption profile of 
microwave frequency at different magnetic field intensities (an EPR spectrum) has some 
unique features (lineshape, line separation [hyperfine coupling constant], line multiplicity 
[depends on the nuclear spin of the nuclei interacting magnetically with the unpaired 
electron]) that allow identification of the radical. Unfortunately, because of a 
combination of kinetic reasons (radicals have a strong tendency to spin pair the lone 
electron by reacting with another molecule or radical), resulting in a lifetime too short to 
build up sufficient steady-state concentrations which permit detection (typically> 10-7-
10-6 M) and physical reasons (as a consequence of the Heisenberg principle, the EPR 
linewidth of short lived radicals is broadened to an extent that they may not be detectable 
by EPR spectroscopy). Various techniques are used to overcome these limitations. One of 
the most useful ones for sonochemical studies is the spin trapping method. In this 
technique the reactive radical adds to the double bond of a diamagnetic molecule (the 
spin trap) forming a more stable covalent paramagnetic adduct (the spin adduct) which is 
EPR observable. The EPR spectra of the spin adduct usually allow the identification and 
quantification of the spin trapped radicals. Another advantage of the spin trapping 
technique is that it not only stabilizes the short lived radicals but also increases the 
chance of radical detection due the integrative nature of the spin trapping process: since 
usually the rate of spin adduct formation is much higher than the rate of spin adduct 
decay, there is a gradual build-up of trapped radicals (Misik and Riesz, 1999).  
 
Overall, sonochemical oxidation offers a potential alternative for the degradation of 
chemicals in the wastewater treatment applications. However, the knowledge required for 
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large-scale design and application is somewhat lacking and hence work needs to be done 
in this field. Hybrid methods involving sonochemical and other oxidation processes may 
be more effective than sonochemical degradation only in real industrial application 
considering the energy efficiency. However, limited information regarding the 
performance of hybrid systems is available in the literature.  
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Chapter 3  
 
Experimental  
In this work, four types of experiments were conducted: (i) sonochemical, (ii) 
sonochemical in presence of additional oxidant such as ozone and hydrogen peroxide, (iii) 
sono-photochemical (under 254 nm UV light) and (iv) sono-photocatalytical (under 365 
nm UV light).  The experimental details including material, setup and procedure are 
provided in this chapter.  
 
3.1. Materials  
In this work, all experiments were conducted using orange G (OG) purchased from 
Aldrich, as a model pollutant compound.  Orange G is a mono-azo dye and a valuable 
acid dye used in many staining methods. It is freely soluble in water and thus is found in 





                             Figure 3.1 Chemical structure of orange G.  
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H2O2 (35%, Merck, Germany), 5, 5-dimethyl-1-pyrroline-N-oxide (DMPO) (Sigma 
Chemical Company, USA) was used as spin trap to measure hydroxyl radicals in this 
work.  
 
For the hybrid method of ultrasound (US) and  ultraviolet (UV), the ultraviolet light was 
supplied by two types of low pressure ultraviolet lamps with outputs of 8 watts at 254 nm 
and 16 watts at 365 nm, respectively (UV 824-H200 BT). Ozone was generated onsite 
with an ozone generator (COM-AD-08, ANSEROS, Germany) with pure oxygen as feed.  
By adjusting the generator level or the flow rate of oxygen feed, different concentrations 
of ozone can be obtained. In this work, the flow rate of O2 was set at 50 l/h. Accordingly, 
ozone concentration was 1.0 mM calculated through the attached test sheet with the 
ozonator. It was also measured spectrophotometrically using a HP 8452 diode array 
spectrophotometer; the molar extinction coefficient for O3 in water at 260 nm is 3300 M-1 
cm-1. 
 
Concentration of dye was measured using a UV spectrophotometer (Shimadzu UV-VIS 
Spectrophotometer, Model UV Mini 1240). The total organic carbon (TOC) and pH were 
determined by a TOC analyzer (Shimadzu, Model 5000A) and an Okalon pH meter 
(Ion510 series), respectively.  
 
The hydroxyl radicals were quantified by Electron Paramagnetic Resonance (EPR), a 
Bruker EMX spectrometer (Germany) operating at room temperature, 5 mW of 
microwave (97.5 GHz), and 100 kHz field modulation. 
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De-ionized water was used to prepare the test solutions and purified oxygen (with 
maximum impurities H2O < 3 ppm ), nitrogen and argon (with maximum impurities H2O 
< 3 ppm, O2 < 2 ppm) were obtained from Soxal, Singapore. 
 
3.2 Experimental Set-up 
Three types of ultrasonic reactors were used in this work: 1) ultrasonic bath, 2) ultrasonic 
probe, and 3) a custom-made sonophotochemical reactor, which are described here. 
 





1. Septum for sampling  5. Water bath 
2. Gas diffuser   6. Steel stand 
3. Thermometer   7. Silicone stopper 
4. Cleaning bath    
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In the bath experiments, a 100-ml Erlenmeyer flask was used as the reactor. Three 
ultrasound frequencies 28, 45 and 100 kHz of the bath (Honda, W-113 SANPA, 100 W) 
were used.  The flask was fixed in the bath as shown in Figure 3.2. The efficiency of a 
reaction vessel placed in an ultrasonic bath depends strongly on the distance of the 
bottom of the reaction vessel from the bottom of water bath. The distance h (shown in 
Figure 3.2) was carefully measured so that ultrasonic intensity reached maximum at the 
bottom of the flask. The maximum intensity occurs at half-wavelength, which is a 
function of the frequency used in the ultrasound bath.  For ultrasonic frequencies 28, 45 
and 100 kHz, h values were 2.7 cm, 1.7 cm and 0.8 cm, respectively.  Water level inside 
the bath was maintained by continuous circulation of water, and subsequently the 
temperature was maintained constantly at 30˚C. The reactor was sealed with a silicone 
stopper wrapped with an aluminum foil to ensure the minimum loss due to evaporation of 
the volatile compounds. The syringe needle pierced through the septum of the stopper for 
sampling.  
 
The probe experiments were conducted using an ultrasonic source (VC-750, Sonics and 
Materials, 750 W, USA). The probe tip was 19 mm in diameter and the ultrasonic source 
was employed at 50% amplitude. A water jacketed glass vessel with Teflon cover was 
used as a reaction vessel. The volume of the solution was 200 ml and the head space in 
the reactor was almost zero (Figure 3.3). The temperature was monitored with a 
thermocouple immersed in the reacting medium. For the experiments conducted in the 
probe, frequency of the sound wave was kept constant at 20 kHz.  
 
 







1. Probe system display 7.  Stirrer 
2. Ultrasonic probe   8.  Magnetic stirrer 
3. pH probe   9.  Cooling water inlet 
4. Teflon cover   10. Thermocouple 
5. Cooling water outlet  11. Septum for Sampling  
6. Water jacket             12. Steel stand 
 











Chapter 3 Experimental 
 32
                 
 

















Chapter 3 Experimental 
 33
The sonophotochemical reactor is a rectangular flow cell depicted schematically in 
Figure 3.4. The reactor has a total effective capacity of 2.5 L and can be operated in 
either batch or continuous mode.  A total of six transducers were fixed on two opposite 
faces of the flow cell.  The transducers were connected with an ultrasound generator with 
the maximum power 900 W. At the center of the reactor, a UV light (254 nm or 365 nm) 
was mounted inside a quartz tube as light source. 
 
An electrical fan was used to cool down the temperature of the transducers during the 
experiments. A metal cooling water tube was placed inside the reactor to maintain the 
temperature around 24-26˚C.  For sono-photocatalytic reactions, continuous aeration was 
provided through a sintered multipoint sparger (at a rate of 1.02 cm3/s) to keep the 
catalysts in suspension.    
 
The effects of sonolysis, photolysis, photocatalysis, and sonophotocatalysis, employed 
either separately or simultaneously, were investigated in this reactor using orange G as a 
model compound.  
 
3.3 Experimental procedure  
3.3.1 Kinetic runs 
For all experiments, four initial concentrations of compounds (10 mg/l, 20 mg/l, 30 mg/l 
and 40 mg/l) were used. Various dosages of hydrogen peroxide (0.25 ml/l, 1.25 ml/l, 2.5 
ml/l, and 5 ml/l) were added to treated solutions to determine the effect of H2O2 on 
degradation of orange G. 
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Ultrasonic irradiation was conducted in the three reactors described above. Experiments 
run for three hours of irradiation time at four different initial concentrations of 
compounds. Samples (4 ml) were withdrawn to analyze at intervals of 30 minutes.  
 
In sonophotochemical experiments, ultrasound was combined with a 254 nm UV light. 
Irradiation time was one hour and samples were taken at every 10 minutes. For ozonation, 
the kinetic runs lasted only for 15 minutes and sample was taken every one minute when 
ozonation was involved. 
 
For sonophotocatalytical experiments, a UV light (365 nm) was used, and catalysts were 
added to solutions at the beginning of every run. Standard suspensions contained 0.5 g/l 
catalysts. The suspensions were first aerated in the dark for 60 min before irradiation to 
reach equilibrated adsorption. The experiments were continued for up to two hours of 
irradiation and samples (3 ml) were withdrawn at different reaction times. Prior to 
analysis, samples collected were filtered through 0.45 µm millipores discs to remove 
catalyst agglomerates. 
 
3.3.2 Measurement of OH• radical by EPR. 
5, 5-dimethyl-1-pyrroline-N-oxide (DMPO) (Sigma Chemical Company, USA) was used 
as spin trap to measure hydroxyl radicals in this work. It is a non-volatile nitrone, and its 
structure and mechanism of formation of paramagnetic adducts (usually nitroxides) are 
shown in Fig. 3.5.  




Fig. 3.5 Structure of DMPO and its mechanism of formation of adduct 
 
 
First, DMPO was purified using the following steps: 5.0 mL stock DMPO solution was 
taken in a clean bottle (22 mL vial with Teflon-lined cap, Agilent, USA). Thereafter, 
about 0.5 grams of activated charcoal was added to the solution and mixed thoroughly 
with a vortex mixer (Heidolph, Germany) for 1 minute. The resulting solution was 
centrifuged (Centrifuge, Jouan B4i/BR4i, USA) at 1000 rpm for 5 minutes.  Subsequently, 
DMPO solution was decanted with a Pasteur pipette. The charcoal step was repeated one 
more time. Finally the sample was filtered using 0.45 µm PTFE membrane with glass 
microfiber prefilter (Whatman, England).   
 
The EPR measurements were conducted using a Bruker EMX spectrometer (Germany) 
operating at room temperature, 5 mW of microwave (97.5 GHz), and 100 kHz field 
modulation. Deionized water (5 ml) containing 50 milli molar (mM) DMPO was 
sonicated for 15 minute in a capped cylindrical glass bottle (ø20×50 mm) fixed in the 
center of bath. The temperature of the coupling water was 25 ˚C. To maximize cavitation 
in the standing wave field, the distance between the bottom of glass bottle and bath was 
adjusted to be equal to the half of the wave length, v/2f, where f is the ultrasonic 
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frequency and v the velocity of sound in the solution. When argon was needed, the 
sample was sealed with a rubber septum and bubbled with argon through a Teflon tube 
attached to a fine needle (the argon flow rate was 50 mL min-1) for 5 min before and 
during sonication. In a typical experiment, the sample was removed for EPR 
measurement after 15 minute of sonolysis.   
 
Following the sonication period, 15 µl of the sonicate was collected by a quartz capillary 
tube and immediately placed in the EPR cavity to analyze for the DMPO–OH adduct. 
The spin adduct yield was calculated by double integration of the formatted spectra and 
expressed in concentration units comparing with the double integral of the spectrum of 
the stable radical diphenyl-2-picrylhydrazyl (DPPH). This stable nitroxide radical has 
been used previously as an EPR standard for determining unknown radical concentrations 
by Kalyanaraman et al (1991). 
 
3.3.3 Measurement of H2O2 
Hydrogen peroxide concentrations were measured by a colorimetric method described by 
Hocanadel et al (1952).  In this method, the iodide ion is oxidized by H2O2, in neutral or 
slightly acidic solutions and the absorption of I3- is measured colorimetically at 352 nm. 
The iodide reagent was prepared immediately before use by mixing equal volumes (1.25 
ml) of solution a (0.4 M KI, 0.05 M NaOH, 1.6 × 10-4 M (NH4)6Mo7O24·4H2O) and 
solution b (0.1M KHC8H4O4). The sample solution (2 ml) was added to the solution 
described above and diluted with water to 5ml. The absorbance of this solution was 
measured spectrophotometrically in a 1-cm cell. The H2O2 concentrations in the original 
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sample were calculated by [H2O2] = (Ds – DB) × 40 × 2.5, where [H2O2] is in micro 
molar units and Ds and DB represent the absorbance of the sample and the blank, 
respectively.   
 
DI water (5 ml) was sonicated for 15 minutes then the concentration of hydrogen 
peroxide was measured following the above described procedures. All samples were 
filtered before their concentration was quantified by Shimadzu UV-1601 
spectrophotometer. The pH of the solution was measured by Oaklon pH meter (Ion 510 
series).  
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Chapter 4  
 
Results and Discussion 
 
4.1 Hydroxyl radicals and hydrogen peroxide production  
Advanced oxidation processes (AOPs) mainly take effect through the reactivity of the 
free radical species, especially the hydroxyl radical which is non-selective and much 
more powerful than other oxidants (Hart and Henglein, 1985; Vinodgopal et al., 1998). In 
the absence of reactive organic compounds, the sonochemical formation of hydroxyl 
radicals is followed by recombination processes, which lead to the formation of hydrogen 
peroxide. The production of hydrogen peroxide therefore indicates indirectly the presence 
of high energy intermediates and allows the measurement of a relative sonochemical 
activity index. Hence, optimization of hydroxyl radical and hydrogen peroxide 
production is crucial to the successful application of AOPs to realistic treatment 
situations. Several research groups have effectively utilized hydrogen peroxide as a tool 
for investigating the optimum conditions in the ultrasound process. Kang and Hoffmann 
(1999) monitored hydrogen peroxide to determine the optimum frequency. Hua and 
Hoffmann (1997) observed a correlation between hydrogen peroxide production and the 
beneficial effect of saturating gases for OH• production. The OH• radical and hydrogen 
peroxide generation mechanisms under ultrasonic or ultraviolet light irradiation are as 
follows: 
H2O   → OH• + H•                       k1                                               (4.1) 
 
OH• + OH• →H2O2                      k2=5.5×109 M-1 s-1                     (4.2) 
 
H• + O2→ HO2•                            k3=2.1×1010 M-1 s-1                    (4.3) 
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HO2•+ HO2•→ H2O2+O2              k4=8.3×105 M-1 s-1                     (4.4) 
 
During the sonolysis of aqueous solutions, OH• and H• are generated by the thermolysis 
of water (Eq. (4.1)) caused by ultrasonic or UV irradiation. After the initial cleavage of 
H2O, 80% of the OH• and H• formed have been reported to recombine in the cavity. 
However, the net quantity of OH• produced in the gas filled cavity may diffuse to the 
gas–liquid interfacial region, where they combine to form hydrogen peroxide. If O2 is 
present in the vapor phase of the bubble, it can react to produce peroxide, as shown in 
reaction (Eq 4.3). The self-reaction rate constant of HO2· (k4=8.3×105 M-1 s-1) at ambient 
temperature is much less than that of OH· (k2=5.5×109 M-1 s-1). Therefore, the pathway of 
peroxide production, via reaction (4.4), would be negligible compared to the route via 
reaction (4.2). In the absence of other OH· scavengers, excess hydrogen peroxide can 
scavenge OH· as follows: 
OH• +H2O2 → H2O+HO2•            k5=2.7×107 M-1 s-1                      (4.5) 
 
As described in Chapter 3, hydroxyl radicals and hydrogen peroxide under different 
conditions were measured by the EPR method and iodometric method, respectively.  The 
EPR spectrum of DMPO–OH showed a quartet of lines with peak height ratios of 1:2:2:1, 
and hyperfine constants of aN=aH=1.49 mT, and a g-value of 2.0054 (Fig.4.1). These 
parameters observed in this spectrum are characteristic of the DMPO–OH adduct 
(Makino, et al. 1982).  
The concentrations of hydroxyl radical and hydrogen peroxide under different conditions 
after 15 minutes of irradiation are shown in Table 4.1. The trend of hydrogen peroxide 
production agrees well with the OH• radical production. Figure 4.2 depicted the 
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correlation between the production of hydroxyl radicals and hydrogen peroxide.  All 
figures were average of the results of three time experiments.  
From the data, it clearly shows that under US condition alone, 28 kHz produces more 
OH• and H2O2 than 45 kHz and 100 kHz; however, 100 kHz is the most ineffective in 
hydroxyl radical and hydrogen peroxide production. This is probably due to the fact that 
lower frequency produces more violent cavitation, leading to higher localized 
temperatures and pressures (Tezcanli-Guyer and Ince, 2003). At high temperature more 
hydroxyl radicals are formed in the cavity and diffuse to bulk solution.  For the US probe, 
its effectiveness is close to that of US 45 kHz, used by itself or in conjunction with UV.  
When argon was used as the bubbling gas instead of air, there is slight increase in 
hydroxyl radical production. This is possibly due to the fact that the specific heat ratio of 
argon is higher than that of air. As a general rule, a gas with high specific heat ratio gives 
a greater cavitational effect than one with low specific heat ratio (Thompson and 
Doraiswamy, 1999). In all cases, the production of H2O2 is greater than that of OH•. This 
observation agrees with the results of Hua and Hoffmann (1997), who reported that the 
observed rate constant for the production of H2O2 and OH• at 20 kHz in the presence of 
argon were 0.717 µM min-1 and 0.103 µM min-1, respectively.   
 
The combination of UV with US greatly enhances the production of H2O2, especially 
with 28 kHz, by three-fold. UV alone, however, produces a moderate amount of H2O2. It 
seems that the combination of ultrasound and UV is synergistic for OH• radical 
production, although exact mechanism is not clear.  
Chapter 4 Results & Discussions 
 41
field (G)















Fig. 4.1 EPR spectrum of an argon-saturated aqueous DMPO solution (50 mM) 
hyperfine constant: aN=aH=14.23, g=2.0077 
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Fig. 4.2 Production of hydroxyl radicals and H2O2 at different systems 
The number 1, 2, …, 12, represent different systems: 1=US bath 28KHz + Air,  2=US 
bath 45KHz + Air, 3= US bath 100KHz + Air, 4=US bath 28KHz + Argon, 5= US bath 
45KHz + Argon, 6=US bath 100KHz + Argon, 7= US probe + Air, 8=UV + Air, 9=US 
bath 28KHz +UV + Air, 10=US bath 45KHz +UV + Air, 11=US bath 100KHz +UV + 
Air, 12=US probe +UV  + Air. 
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Table 4.1 Measured OH• and H2O2 concentrations (µM) for different systems after 15 
minutes of sonication 
 
No. Systems OH• H2O2 
1 US bath 28KHz + Air 11.3 18.7 
2 US bath 45KHz + Air 
 
8.1 16.9 
3 US bath 100KHz + Air 4.8 5.0 
4 US bath 28KHz + Argon 12.4 20.4 
5 US bath 45KHz + Argon 8.6 18.6 
6 US bath 100KHz + Argon 5.7 8.8 
7 US probe (28 kHz)+ Air  6.3 12.2 
8 UV + Air 6.3 12.3 
9 US 28 + UV + Air 25.2 57.0 
10 US 45 + UV + Air 11.1 18.1 
11 US 100 + UV + Air 7.7 15.4 
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4.2 Sonochemical degradation of orange G 
 
Among the various dye classes, orange G (OG) is a valuable acid dye used in many 
staining methods. It is often combined with other yellow dyes in alcoholic solution to 
stain erythrocytes in trichrome methods, and is used for demonstrating cells in the 
pancreas and pituitary. Orange G loading Dye is also ideal for PCR applications.  In this 
work, orange G was selected as model compound for degradation in different ultrasonic 
systems with the aim of investigating the efficacy of different combinations of advanced 
oxidation processes such as US, UV, US/UV, etc.  
Fig. 4.3 shows the changing in absorption spectra of orange G (10 mg/l) during 
ultrasonication by probe.  From the spectra, it can be seen that orange G is a strongly 
absorbing dye in both the UV and visible regions, one peak is in the near-UV region 
(λ=330 nm) and another one in the visible (λ=477 nm). The absorbance at 477 nm is 
responsible for the orange color arising from aromatic rings connected by azo groups, and 
the other one is associated with ‘‘benzene-like’’ structures in the molecule. The 
disappearance of the visible band is due to the break of the azo links by immediate 
hydroxyl radical attack (hydroxylation), which is proposed as the first step in the 
degradation of azo dyes (Joseph et al., 2000). In addition to this rapid bleaching effect, 
the decay of the absorbance at 330 nm is considered as evidence of aromatic fragment 
degradation in the dye molecule and its intermediates. The significantly faster rate of 
decay of the visible band is attributable to the priority of hydroxylation of the azo-links in 
the oxidation process, resulting in the rapid disappearance of chromophores in the dye 
structure (Crum 1995; Joseph et al., 2000). 
























Fig. 4.3 Changing of the absorption spectra of orange G during ultrasonication (probe). 
(Initial concentration of orange G =10 mg/l) 
 
A typical first order kinetic plot of degradation of orange G by sonolysis at 20 mg/l initial 
concentration is shown in Figure 4.4 while Figure 4.5 shows the effect of initial 
concentration. It can be seen that the observed reaction rate constant decreases with the 
increase in initial concentration of orange G from 10 mg/l to 40 mg/l. This is in 
agreement with the results of other researchers on effect of initial concentration of the 
pollutant (De Visscher et al., 1996; Hoffmann et al., 1996; Jiang et al., 2002; Zhang and 
Hua, 2000).  
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Typically the intensity of ultrasonic field strength goes down with the increase in 
frequency. The decrease in intensity causes a decrease in the collapse pressure and 
temperature as the acoustic pressure is a function of intensity.  Thus orange G in this 
work, showed decreased rate of degradation with increasing frequency (Fig. 4.6). These 
results agree with the rate of hydroxyl radical production described in section 4.1. Due to 
its low volatility and hydrophilic nature, orange G degradation is expected to occur 
mainly at the bubble-liquid interface and bulk solution, where it is oxidized by hydroxyl 
radicals released into these regions from bubble. Therefore, a higher hydroxyl radical 
generation rate means faster degradation for orange G.  
 
time - minute















Fig. 4.4 First-order kinetic plot of orange G degradation by ultrasonic probe 
(Initial concentration of orange G = 10 mg/l) 
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Fig. 4.5 Effect of initial concentration on the degradation of orange G in ultrasonic probe. 
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Fig. 4.6 Effect of frequency on orange G degradation in ultrasonic bath 
 (Initial concentration of orange G =20 mg/l, T=20˚C) 
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4.3 Photochemical and sonophotochemical degradation of orange G 
 
From the previous experiments, sonolysis alone is not very effective on color bleaching 
as around 60% color was removed within three hours. This can probably be attributed to 
its low power and its decreasing oxidizing abilities resulted from the recombination 
reaction of OH• to hydrogen peroxide.  In addition, intermediates also compete for OH• 
radicals. However, photolysis causes an increase in the degradation rate of the organics 
by converting the hydrogen peroxide back to OH•: H2O2 → 2 HO·.  (Wu et al., 2001; 
Naffrechoux et al., 2000). 
 
Fig.4.7.a-b clearly show that the color removal with US+UV is very effective, within 30 
minutes almost all color was removed. Control experiments with UV alone were also 
carried out. About thirty three-fold increase in the decomposition rate was obtained by 
the combined effect of US and UV compared to US alone. Thus, the effect of UV 
addition was quite dramatic indicating that UV is more effective than US between these 
two AOP (US and UV).  The addition of UV was more beneficial for higher 
concentration of orange G.   Earlier it was seen that the US+UV systems generated more 
hydroxyl radicals than US systems alone (Table 4.1). Especially at 28 kHz, the 
production of hydroxyl radical generated in US+UV system is about two times higher 
than US alone.  However, the reactions with hydroxyl radicals alone can not account for 
overall enhancement of the reaction rate as the hydroxyl radical generation by UV alone 
was comparable to that of US. Orange G with absorption maximum at 477 nm will 
absorb significantly at 254 nm radiation which will bring about some photolysis also.  
Although UV was more influential than US on degradation of orange G, physical effects 
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of ultrasonication by surface activation and mass transfer enhancement brought by 
cavitation and acoustical streaming brings forward the synergy effect.  
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Fig. 4.7.a Degradation of orange G by UV and US+UV 
(Initial concentration of orange G =20 mg/l) 
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Fig. 4.7.b Comparison of color removal of orange G among US, UV, US+UV 
(Initial concentration of orange G =20 mg/l) 
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4.4 Ozonation and sonolytic ozonation of orange G 
 
Ozonation is widely used to produce free radicals in the treatment of drinking water, 
since it can react with various organic or inorganic contaminants in water: direct reaction 
by its molecular form, or indirect through its free radical decomposition products. When 
water is ozonated during ultrasonic irradiation, the increase in hydroxyl radical 
production is synergistic. This probably arises from enhanced mass transfer of ozone to 
solution allowing more ozone to enter solution than in a non-irradiated system (Dahi, 
1976) and thermal decomposition of ozone (Weavers et al., 1998b; Kang and Hoffmann, 
1998): 
O3 → O2 + O (3P)                                  (4.6) 
O (3P) + H2O→2OH•                            (4.7) 
From these two equations, it can be said that the combination of ozone and ultrasound is 
an effective oxidation systems since two hydroxyl radical molecules are formed per 
ozone molecule consumed. However, ozone may also react with atomic oxygen or other 
reactive species in or near the bubbles; furthermore, it may also scavenge hydroxyl 
radicals, thus reducing the efficiency of hydroxyl radical production (Kang et al., 1999).  
O3 → O2 + O (3P)                                  (4.8) 
O3 + OH•→ OH2• + O2                         (4.9)          
The effects of ozone coupled with ultrasonic irradiation on the decolorization of orange G 
were investigated at four different initial concentrations (10-40 mg/l). Since color was 
almost totally removed within 5 minutes, which is very short compared to 3 hours of 
ultrasonication and 1 hour of sonolytic photolysis, thus pseudo-first order rate constant 
values could not be accurately determined. Therefore initial decolorization rates (kid, 
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obtained from the initial slopes of the time dependent color abatement curves) were used 
and tabulated in Table A2 (in appendix).  Typical degradation results are shown in 
Fig.4.8.a, and Fig.4.8.b comparing between US+O3 and US+UV. These results indicated 
that sonolytic ozonation is by far more effective on decolorization of orange G than 
ultrasonication alone or its conjunction with ultraviolet radiation, with a degradation rate 
constant increased by a factor of at least 300 and 100, respectively. Meanwhile, these 
data also suggest that ozonation itself is an effective treatment technology for color 
removal, which is in accord with other results. Alaton et al. (2002) reported that the 
quickest color removal for reactive dye bath effluent was achieved in case of only ozone 
compared to UV-H2O2. 
time - minute













Fig. 4.8.a Sonolytic ozonation and ozonation of orange G 
(Initial concentration of orange G= 30 mg/L, [O3] = 1.0 mM) 
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Fig.4.8.b Degradation of orange G by US+O3 and US+UV 
(Initial concentration of orange G = 30 mg/L, [O3] = 1.0 mM) 
 
 
4.5 Effect of hydrogen peroxide  
 
Hydrogen peroxide is often used in AOPs as a supplementary method to produce 
hydroxyl radical. Since it is relatively stable in the pure form, energy in some form is 
required to activate H2O2.  UV irradiation, ultrasound, ozonation, and other activators, 
such as, Fenton’s reagent, can be used to activate H2O2 to decompose into OH• radicals: 
H2O2 → 2OH•. The oxidation potential of OH• radical is much higher than that of 
hydrogen peroxide.  
To investigate the effect of H2O2 on the degradation of orange G, four different dosages 
were used. Fig.4.9.a illustrates the degradation of orange G (20mg/l) by US+UV process 
as a function of different concentration of hydrogen peroxide. These results show that the 
rate of decolorization was improved following the addition of H2O2 and increased by a 
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factor of about 11 from 0.0259 min-1 at 0 ml/l H2O2 to 0.2935 min-1 at 2.5 ml/l H2O2. 
However, at 5 ml/l H2O2, the rate began to decrease. This is due to the competitive 
reaction between the hydroxyl radical and peroxide if the optimum dosage of peroxide is 
exceeded. At this condition, hydrogen peroxide is the most likely OH• scavenger 
(reaction 4.10) (Kang et al., 1999) to produce hydroperoxyl radicals (HO2•) which are 
less reactive and do not possible contribute to the oxidative degradation of orange G: 
 
OH• + H2O2 → HO2• + H2O                 k5 = 2.7 ×107 M-1 s-1             (4.10) 
 
UV only and US only systems demonstrated analogous trends about the effect of H2O2 on 
degradation rate constants, which are summarized in Table A2. 
 
The negative effect of hydrogen peroxide addition on orange G degradation was much 
significant for O3 and US+O3 system as shown in Fig.4.9.b. It is possible that enough 
hydroxyl radicals are formed to induce high reaction rates by ozonation only, and 
scavenging of the hydroxyl radicals by the reaction (4.10) is the main reason for this 
negative effect of H2O2 addition. This effect is more pronounced when higher 
concentration of orange G was used as degradation rates decreased consistently with the 
addition of H2O2. Overall, the addition of H2O2 is beneficial only for low initial 
concentration of both orange G and H2O2. 
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Fig.4.9.a Effect of H2O2 on the degradation of orange G by US+UV 
(Initial concentration of orange G = 20 mg/l) 
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Fig.4.9.b Effect of H2O2 on the degradation of orange G by O3 +US 
(Initial concentration of orange G = 20 mg/l) 
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4.6 Carbon mineralization  
 
Total organic carbon (TOC) degradation rate for the different systems are also 
investigated in this work. TOC mineralization follows the same trend as maximum 
degradation occurs for ozone. The rate of TOC removal for different schemes such as 
UV+US, O3+UV, and only US, UV and O3 are shown in Fig. 4.10.a and Fig. 4.10.b. It 
was found that total mineralization in UV and US+UV systems after one hour 
degradation was 26% and 44%, respectively. On the other hand, US only reduced the 
TOC by only 3% after a three-hour irradiation. This inefficiency is consistent with its 
poor performance for color degradation. Meanwhile, O3 and O3 + US achieved higher 
TOC degradation than US+UV process, 39% and 51%, respectively. TOC degradation 
data for all systems are tabulated in Table A1 in appendix. 
 
The slow carbon mineralization compared to relatively faster decolorization may be due 
to the fact that cleavage of the azo group (-N=N-) which is the first step in the overall 
degradation process occurs quickly (Joseph et al., 2000), leading to the loss of the 
chromophoric characteristic in the parent dye and generated intermediates. In some cases, 
the TOC remained constant around 50% of the initial concentration after a certain time.  
This indicates that probably some stable organic acids or mono-substituted aromatic 
compounds that are hard to be further decomposed are forming in the reaction. In 
addition to the drop in TOC, the drop in solution pH from 5 to 3 also indicates that some 
mineralizations occur. As with decolorization, degree of mineralization was the highest 
for O3+US system. 
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Fig.4.10.a    TOC degradation of orange G by US, UV, US+UV 




















Fig.4.10.b   TOC degradation of orange G by O3 and O3+US 
(Initial concentration of orange G = 20 mg/l) 
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4.7 Sonophotochemical continuous reactor  
 
Previous experiments were conducted in commercial ultrasonic devices such as bath and 
probe reactors. However, it is difficult to control and vary the frequency in such reactors. 
Moreover, they are operated in batch mode only, and large scale waste water treatment 
reactors are operated in continuous mode.    
It can be seen from the earlier experiments that UV radiation increases the sonochemical 
degradation efficiency significantly; however, installation of UV lamp was difficult for 
batch sonochemical reactor.  Thus, a new sonophotochemical reactor with larger volume 
of 2.2 L (shown in Fig.3.4) was constructed which can be operated in both semi-batch 
and continuous modes.  Several different combinations of AOPs were tested using orange 
G as the model compound: US, UV (photolysis at 254 nm UV light), photocatalytic 
oxidation (with 365 nm UV light), combination of US and UV irradiation, and 
sonophotocatalysis.  Although the present reactor could be used in continuous mode, 
experiments were conducted in semi-batch mode in order to compare with the earlier 
results.  
4.7.1 Hydrogen peroxide evolution 
As before, the amount of hydrogen peroxide formed as a result of combination of 
hydroxyl radicals by sonolysis was measured to test the effectiveness of the new reactor. 
H2O2 generation for this reactor with 300 W power (one third of the total power of the 
generator) is shown in Figure 4.11. It can be seen that H2O2 production increased almost 
linearly along time and reached steady state almost after 3-hour operation due to the   
balance between the following reactions: 
OH• + OH• →H2O2                    k2=5.5×109 M-1 s-1                    (4.11) 
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OH• +H2O2 → H2O+HO2•        k5=2.7×107 M-1 s-1                      (4.12) 
Considering radical reactions, it is surprising that it took about 3 hours to reach the 
steady-state, but similar results were seen by Harada (2001)(Figure 4.12) where the 
steady-state was not achieved even after 4 hours. Harada’s experimental data were 
obtained with an ultrasonic bath (bottom attached US transducers operating at 200 kHz 
with a 200 W generator). The performance of the current reactor is equivalent to the bath 
and probe reactors as the steady-state production of H2O2  is comparable.  However, H2O2 
production for bath and probe reactors was estimated only after 15 minutes.  
 
sonication time - minute




















Fig 4.11 H2O2 production by sonolysis of water in the new reactor 
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Fig 4.12 H2O2 production by sonolysis of water  
(Adopted from Harada, 2001) 
 
 
4.7.2 Decolorization by Ultrasound and Photolysis  
The effects of US and photolysis at 254 nm alone on the degradation of orange G in this 
new reactor show similar pattern with those in the earlier reactors. As before, the rate of 
degradation of orange G decreased with the increase of initial concentration of orange G 
(Fig. 4.13 and Fig. 4.14). Interestingly increasing initial concentration of orange G 
reduced the degradation rate in the presence of UV, also indicating limitation of photons 
and hydroxyl radicals in the system. Thus dilution of the effluent can be done as an 
optimizing step before subjecting it to degradation using sonication. However, Pandit et 
al (1996) have shown that too much dilution of the sample will lead to increased power 
demands for the treatment. Hence, optimization needs to be carried out considering the 
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favorable effects obtained by using lower concentration and the increased power 
demands due to dilution.  
As before in the bath and probe reactors, although UV has greater effect on degradation 
of orange G, the combination of UV+US can produce a moderate enhancement in rate 
than UV alone and is much better than US alone (Fig. 4.15). 
 
In the present case, the total volume treated was 2.2 L compared to 0.2 L treated earlier, 
the effects of different parameters on different systems are comparable. The comparison 
of the rate constants for three different reactors is shown in Table 4.2. It can be seen that 
the bath and sonophotochemical reactors with similar power density produces 
comparable rate of degradation, although sonophotochemical reactor treats larger volume 
of solutions.  
The rate constants of orange G degradation under different conditions are summarized in 
Table 4.3. It can be seen that although the efficiency of sonication is slightly lower for the 
sonophotochemical reactor, the efficiency of combined US+UV system is higher than 
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Fig. 4.13 Sonochemical degradation of orange G at different initial concentrations 
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Fig.4.14 Photochemical degradation of orange G at different initial concentrations  
(λ=254 nm) 
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Fig. 4.15 Comparison of orange G degradation by US, UV and US+UV. 




Table 4.2 Comparison of rate constants by ultrasonic irradiation among three reactors 
(Initial concentration of orange G = 20 mg/l) 
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Table 4.3 Rate constants of orange G degradation at different systems 
(Initial concentration of orange G =20 mg/l) 
              reactor 
               
                
                 k (min-1) 
system  
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4.7.3 Sonophotocatalysis 
Sonophotocatalysis is a photocatalytic reaction with ultrasonic irradiation or the 
simultaneous irradiation of a semiconductor catalyst using both ultrasound and light with 
a photocatalyst. The effect of combined sonochemical and photocatalytic reactions is 
examined in this section.  
 
4.7.3.1 Photocatalytic Oxidation 
The photocatalytic oxidation processes using an insoluble photocatalyst have wide 
application in wastewater and have been heavily investigated recently (Fung et al., 2000; 
Hachem et al., 2001; Herrmann 1999; Hoffmann et al., 1995; Hu and Wang, 1999; 
Lachheb et al., 2002; Ray 1999). This process commonly involves irradiation by UV (λ < 
400 nm) in the presence of a semiconductor catalyst like titanium dioxide (TiO2). Upon 
absorption of light energy equal to or larger than the band gap energy, a valence band 
electron of the semiconductor can be excited to the conduction band (e⎯CB), leaving a 
positive hole in the valence band (h+VB), which is a strong oxidant which can either 
oxidize a compound directly, or react with electron donors like water or hydroxide ions to 
from hydroxyl radical. 
 
TiO2 + hv → e⎯CB + h+VB                   (4.13) 
h+VB + H2O → OH• + H+               (4.14) 
h+VB + OH⎯ → OH•                        (4.15) 
 
Aeration was applied in all of the sonophotocatalytic experiments, as it was found to be 
important for the photocatalytic oxidation. This is because the excited electron in the 
conduction band should be scavenged by an external agent to prevent its recombination 
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with the positive hole; otherwise catalysts would lose their activities. One efficient 
electron acceptor is molecular oxygen, which forms a superoxide anion radical after 
capturing the electron. e⎯CB + O2 → •O⎯2                        (4.16) 
Aeration, however, is one convenient source to provide oxygen. Further, it can keep 
catalysts suspending in solutions. 
In this experiment, four different photocatalysts were used to investigate the degradation 
of orange G at 20 mg/l.  These catalysts were developed and characterized in an earlier 
study conducted in our group (Bhattacharya et al., 2004). TiO2 was impregnated on 
adsorbents to increase its effective surface area, subsequently increasing the adsorption 
capacity of TiO2 for polar compounds.  Three different adsorbents were selected based on 
their surface area and surface characteristics.  They are: montmorrilonite, MCM-41 and 
β-zeolite.  
Prior to the photodegradation, adsprption equilibrium of orange G on the catalysts was 
established.  The kinetics of adsorption for orange G are presented in Fig 4.16.  It can be 
observed that the steady state of adsorption is reached within 20 minutes of operation. 
Among three catalysts, TiO2-montmorrilonite exhibited the highest adsorption followed 
by TiO2-β-zeolite and TiO2-MCM-41. Bare TiO2 showed lowest adsorption of orange G. 
Subsequent to the adsorption studies, control experiment of orange G degradation was 
carried out without catalysts using UV-irradiation of 365 nm when no detectable change 
was seen. Thereafter, photocatalytic degradation of orange G using four catalysts was 
performed and the results are shown in Fig.4.17. It can be seen that TiO2-montmorillonite 
achieved the highest removal rate of OG than the other catalysts possibly due to good 
adsorption.  
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Fig 4.16 Adsorption equilibrium of orange G for four catalysts.  
(Experimental conditions: natural pH, catalyst 0.5g/l, v= 2.2L, 
initial concentration of orange G= 20 mg/l) 
time - minute

















Fig 4.17 Photocatalytic degradation of orange G using different catalysts 
 (Initial concentration of orange G =20 mg/l) 
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4.7.3.2 Photocatalytic decomposition with ultrasonication 
There exits one common problem associated with photocatalytic oxidation, i.e. the 
reduced efficiency of photocatalyst with continuous operation possibly resulted from the 
adsorption of contaminants at the surface and then the blockage of the UV activated sites. 
However, ultrasonication can be used simultaneously with photocatalytic oxidation to 
provide continuous cleaning of the catalyst surface and increase mass transfer. Hence, the 
combination of US and photocatalytic degradation should be more effective than 
photocatalysis only. Thus, some photocatalytic experiments were conducted using 
ultrasonication.  Since TiO2-montmorrilonite was found to be the most effective catalyst, 
sono-photochemical experiments were plotted only for TiO2-montmorrilonite only (Fig 
4.18).  Results of sono-photochemical experiments with other catalysts are presented in 
Table 4.4. 
The graphs in Fig. 4.18 show an interesting trend which indicates a somewhat complex 
nature in the sonophotocatalytic reaction. Initially, the rate of degradation was enhanced 
considerably in the presence of ultrasound, which could result from the combination of 
UV with ultrasound due to the production of additional hydroxyl radicals. With 
increasing time active catalyst sites were regenerated as occupied sites were freed due to 
cleaning, sweeping and fragmenting or pitting of catalyst by acoustic mechanical effects.  
 
However, as time progresses, catalysts are fragmented further, then possibly give rise to a 
large number of solid particles, which causes scattering of the UV light as well as the 
ultrasound and also inhibits efficient transmission of both through the medium. In 
addition, desorption of substrates induced by ultrasonic action began to make the change 
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in concentration relatively stable or slow, like a buffer action. This resulted in a slow 
degradation rate in this period compared to the first stage. Thereafter, a stage of fast 
degradation comes when the primary particles could not be fragmented any further and 
greater number of free radicals is generated because of the combined action (UV + US) 
and also due to low concentration of orange G in solution.   However, more experiments 
are needed to confirm this analysis.  
It appears that fouling of the catalyst surface is the controlling factor in the later stages of 
the degradation of orange G by UV light alone as the rate of degradation decreases. In 
contrast, the extent of degradation increases continuously in the presence of ultrasound 
possibly because of the continuous cleaning of the catalyst surface.  Removal of orange G 
in 2 hours in two conditions (photocatalytic and sono-photocatalytic) is presented in 
Table 4.4. 
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Fig. 4.18 Comparison between sonophotocatalysis and photocatalysis for degradation of 
orange G using TiO2-Montmorillonite (initial concentration of orange G=20 mg/l) 
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Table 4.4 Orange G removal after 120 minutes irradiation by UV (365 nm) and US+UV 
(365 nm) at four different catalysts (Initial concentration of orange G= 20 mg/l) 





























4.7.4 Effect of H2O2  
The reversible reaction of dissociation of hydrogen peroxide in the presence of US as 
well as UV irradiation forming free hydroxyl radicals which is the main driving 
mechanism in the degradation of some non-volatile pollutants is a well-known fact. 
Hence, as before, addition of hydrogen peroxide was examined as an additional source 
for free radicals to accelerate the rate of degradation in the new reactor. Arising from 
earlier experiments, the dosage of hydrogen peroxide was limited below 5 ml/l in this 
reactor.  
In the control experiment only hydrogen peroxide was added to orange G solution (20 
mg/l) to see the effect of only H2O2 on the degradation of orange G (Fig 4.19).  It shows 
that the direct contribution of H2O2 is negligible, less than 3% in 24 hours of treatment 
time at the highest dosage.  
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When 1.25 ml/l H2O2 was combined with ultrasound to treat orange G, the rate of 
degradation increased as shown in Fig 4.20.  Hence, it can be said with certain confidence 
that hydrogen peroxide does dissociate under ultrasonic irradiation to generate hydroxyl 
radicals which leads to an enhancement in the overall rate of degradation.  
In presence of photocatalysts, H2O2 can produce •OH by reacting with •O⎯2 (which is 
produced by excited electron with molecular oxygen on the surface of catalysts) or by 
direct photolysis:  
 
H2O2 + •O⎯2 → •OH + OH⎯ + O2                        (4.17)  
H2O2 + hv → 2•OH                                             (4.18) 
 
Besides, it can act as a conduction-band electron acceptor like molecular oxygen and 
form hydroxyl radicals subsequently (So et al., 2002): 
 
H2O2 + e⎯CB  → •OH   +  OH ⎯                                     (4.19) 
 
Therefore, substantial enhancement in degradation is expected using the combination of 
H2O2, photocatalysis and US irradiation. Fig 4.21 shows the results of experiments with 
the combination of US irradiation, hydrogen peroxide (from 0.25-5 ml/l) and photolysis 
with TiO2-montmorillonite catalyst (0.5 g/l). It can be seen that the degradation of orange 
G was markedly accelerated by the addition of hydrogen peroxide compared to the 
UV/US combination, especially at the initial part of the experiment. Hydrogen peroxide 
serves two roles in the sonophotocatalytic processes. It can both act as a source of 
hydroxyl radicals (Eqs. (4.17) and (4.18)) and as a conduction-band electron acceptor 
(Eq.(4.19)) to prevent electron-hole recombination. However, when present at high 
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concentration, H2O2 can also become a scavenger of valence-band holes (Eq.(4.20)) and 
hydroxyl radicals (Eqs.(4.21) and (4.22)) (Legrini et al., 1993; Malato et al., 1998):  
 
H2O2 + 2 h+VB  →   O2 + 2 H+                              (4.20) 
H2O2 + OH• →   H2O + 2 •HO2                           (4.21) 
•HO2 + OH•  →   O2 + 2 H2O                              (4.22) 
 
Furthermore, H2O2 can be adsorbed onto catalyst particles to modify their surfaces and 
subsequently decrease their catalytic activity (Malato et al., 1998). The optimum dosage 
of hydrogen peroxide is dependent on the reaction conditions and the specific pollutants 
to a large extent.  
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Fig. 4.19 Control experiment of degradation of orange G using H2O2 
(Initial concentration of orange G =20 mg/L) 
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Fig 4.20 Orange G degradation in presence of US and H2O2 
(Initial concentration of orange G = 20 mg/l) 
time of irradiation - minute

















Fig 4.21 Orange G degradation at different conditions using TiO2-montmorrilonite  
(Catalyst concentration = 0.5 g/l; initial concentration of orange G =20 mg/L) 
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4.7.5   TOC 
Fig 4.22 depicts the mineralization of orange G under UV (254 nm) and US+UV(254 
nm). It shows using two techniques simultaneously resulted in greater reduction of TOC, 
although TOC degradation reaches a stable stage after 6 hours of irradiation. This is 
possibly due to that the end products are usually lower acids that sometimes are difficult 
to oxidize by the established oxidation methodology. However, sonophotocatalytic 
degradation of TOC is a better option as TOC continuously decreased for 2 hours as 
shown in Figure 4.23.  
It can be seen that much of the mineralization (about 45%) occurred in the adsorption 
stage. When photocatalytic irradiation alone was applied, just another 10% degradation 
of TOC was obtained at the end of two hours. However, TOC was significantly lowered 
when ultrasound was combined together with photocatalysis, achieving 75% 
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Fig 4.22 Mineralization of orange G under various conditions 
(Initial concentration of orange G =20 mg/l) 
time - minute













adsorption in dark irradiation by photocatalysis/sonolysis
 
 
Fig 4.23 TOC degradation of orange G by sonophotocatalysis using TiO2- 
Montmorillonite (Initial concentration of orange G =20 mg/l OG) 
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4.8 Energy consumption  
 
In order to compare the energy efficiency of the several AOPs tested for the 
mineralization of orange G, a normalized coefficient electrical energy per order (EE/O) 
(Mason ,1991) was determined for various systems. The equation for EE/O is as follows: 









          (4.23)   
where, P is the rated input power (kW), V is the volume (L) of water treated in time tt (in 
min), ci, cf are the initial and final concentrations (mol L-1) of contaminant in the water. 
Higher EE/O values would correspond to lower energy efficiencies.  
 
The results for various systems are summarized in Table 4.5. Based on the results, we can 
conclude the following energy consumption scale: US>US+H2O2>US+UV> 
US+UV+H2O2>UV>US+O3>UV+H2O2. Although the energy efficiency for the 
UV+H2O2 system is higher than that of US+O3, the degree of mineralization in case of 
UV+H2O2 is much lower.  Thus ultrasonication in presence of ozone is a viable 
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Table 4.5 EE/O values for various AOPs   (C0 = 20 mg/l; T = 20 ˚C) 
 
System Parameters EE/O 
(kWh per m3 per order) 
 
US P = 900 W; f = 28 kHz; 
 
10526 




UV P = 16 W;  21.2 
 
UV + H2O2 PUV = 16 W;  12.5-16.43 
 
US + UV PUS = 900 W; PUV = 16 W;  
 
512 
US+UV + H2O2 PUS = 900 W; PUV = 16 W;  
 Molar ratio (H2O2/OG) = 160-644 
 
71-83 
US (bath) + O3 PUS = 100 W; 　 
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Chapter 5  




Ultrasonic irradiation shows promise and has the potential for use in environmental 
remediation. Besides the generation of high concentration of oxidizing species such as 
hydroxyl radicals and H2O2 in solution which is the common principle for advanced 
oxidation processes for the degradation of most non-volatile chemicals, ultrasonic 
cavitation also produces localized transient high temperatures and pressures, which drive 
some of the chemical reactions by pyrolysis mechanism mainly responsible for the 
decontamination of volatile pollutants.  The magnitudes of temperature, pressure and free 
radicals can be manipulated by adjusting the operating parameters, such as intensity and 
frequency of irradiation, temperature, physico-chemical properties of liquid medium and 
aerated gases.  
 
In this work, sonochemical and sonophotochemical degradation of orange G was tested 
under different conditions in three types of ultrasonic reactors.  The production of 
hydrogen peroxide and hydroxyl radicals was measured in three reactors under different 
conditions with the objective of identifying the optimal conditions. Experiments of 
ultrasonic irradiation and its combination with other AOPs were conducted with orange G 
as a model compound. The effect of hydrogen peroxide addition was also investigated. 
Furthermore, a new continuous sonophotochemical reactor with a total volume of 2.2 L 
was constructed to compare the results of batch bath and probe reactors.  Experiments 
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with hybrid techniques, sonophotolysis and sonophotocatalysis, were then carried out 
using this new reactor. Some general conclusions can be drawn: 
 
1. Maximum production of hydroxyl radicals occurs in combined UV and US systems. 
2. In bath ultrasonic reactor with three frequencies, 28, 45 and 100 kHz, lower frequency 
is preferable in generating hydroxyl radicals.  
3. The reaction rate is observed to be inversely correlated with the initial concentration of 
orange G.  
4. The addition of optimal amount of H2O2 with UV and US can increase the 
mineralization rate of orange G which is non-volatile. This indicates that non-volatile 
solute mainly reacts with oxidizing species at the bubble interfaces or within the bulk 
solution. 
5. The rate of orange G degradation and effects of different process parameter are 
comparable in three types of reactors of different volume.  
 
Enhancement in sonochemical decomposition for orange G was achieved by employing 
the hybrid system: US/UV, US/photocatalysis and US/O3. This synergism between 
different hybrid methods is mainly due to the reaction with hydroxyl radicals. Generally, 
combination of two or more advanced oxidation processes such as UV/ozone, UV/H2O2, 
US/ozone, sonophotochemical/sonophotocatalytic oxidation etc, leads to an enhanced 
generation of the hydroxyl radicals, which eventually results in higher oxidation rates. 
The efficacy of the process and the extent of synergism depend not only on the 
generation of free radicals but also on the  reactor conditions or configuration leading to a 
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better contact of the generated free radicals with the pollutant molecules and  also better 
utilization of the oxidants and catalytic activity.  
¾ The kinetic analysis indicates that US/ozone was the fastest in decomposing the 
orange G. The enhanced turbulence generated by ultrasound decreases the mass 
transfer resistance which is a major limiting factor for the application of ozone 
alone. Additionally, ultrasound can promote the dissociation of ozone which 
results into better utilization and then higher degradation rates.  
¾ Use of a catalyst in conjunction with ultrasonication has been found to 
considerably enhance the rates of the reaction, though the effect is complex as 
there are multiple factors which are influenced by the presence of the solid 
particles including detrimental effects such as scattering of sound waves resulting 
in non-useful utilization of the supplied energy. 
¾ In the case of the new sonophotochemical reactor, it is important to have 
simultaneous irradiation of ultrasound and UV light rather than sequential 
operation. 
 
5.2 Recommendations for further research 
Sonochemistry has achieved great improvement over the last 20 years; there are 
numerous illustrations in the literature where sonochemical reactors have been 
successfully used for the degradation of variety of compounds at different scales of 
operation. However, almost all the studies are with model pollutants; hence more 
investigation about real effluents containing a variety of compounds should be carried out 
in future work.  
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Further, detailed cost analysis is needed about application of ultrasonic irradiation for the 
degradation of wastewater process on an industrial scale. The current cost of cleaning of 
contaminated ground water using acoustic cavitations is an order-of-magnitude, higher 
than that of the air stripping/active carbon process (Peters, 2001).Thus, it is important to 
either find an alternative means for generating cavitation energy efficiently or use 
acoustic cavitation in combination of other AOPs. A hybrid process appears to have the 
best potential. Future work may be directed to compare all the oxidation technologies on 
the basis of the operation costs and this should be indeed an excellent work and the need 
of the present hour. 
 
There are still many new frontiers to be explored. Researchers have found that ultrasound 
chemically enhances reactions which depend on a SET (single electron transfer) process 
as a key step. Reaction systems which follow an ionic mechanism are enhanced by the 
mechanical effects of ultrasound. These enhancements are result of increases in the 
intrinsic mass-transfer coefficient, increase in surface area resulting from particle 
degradation, and, in some cases, increase in the driving force for dissolution. In some 
reaction systems, ultrasound changes the reaction pathway from ionic to one which 
involves a SET step.  
 
Several other aspects of sonochemical behavior are unclear. The manner by which free 
radicals are produced within the cavitation bubble remains elusive, although several 
researchers have concluded that they are formed during the adiabatic implosion of the 
cavitation bubble. Ultrasound has been found to enhance the effective diffusivity in a 
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solid-liquid system, increase the intrinsic mass-transfer coefficient, induce 
supersaturation, and increase the activation energy and frequency factor of various 
reaction systems. However, the actual mechanisms behind these enhancements have not 
been discerned. In addition, the amount of available engineering data in the areas of 
ultrasonic reactor design and scale-up are scanty. It will take the combined work of 
scientists from all fields to resolve the role of ultrasound in reacting systems and to make 
it a viable rate enhancement technique for commercial industrial processes. 
 
More importantly, majority of the work reported to date is on a laboratory scale and not 
much information is available at this stage for efficient large-scale of operation.  Work 
needs to be conducted both in terms of the design strategies for scale-up and feasibility of 
the operation of transducers at higher levels of power dissipation, before successful 
application of sonochemical reactors is feasible at an industrial scale. It should also be 
noted that information is required from diverse fields such as chemical engineering (gas-
liquid hydrodynamics and other reactor operations), material science (for construction of 
transducers efficiently operating at conditions of high frequency and high power 
dissipation) and acoustics (for better understanding of the sound field existing in the 
reactor) for the efficient scale-up of sonochemical reactors.  
 
In case of sonophotocatalytic reactors, the major factor controlling the overall efficiency 
of destruction is the stability of the photocatalyst under the effect of ultrasound. 
Therefore, efforts are required in terms of new designs which will protect the catalyst but 
at the same time will give enhanced effects. The development of large-scale reactors 
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could be based on the multiple transducers multiple frequency irradiations for the 
sonochemical part and achievement of excellent distribution of the incident UV light.  
 
It must be said that with ultrasonic irradiation, even its hybrid methods with other AOPs, 
it is difficult to achieve complete mineralization. Hence it may not be useful in degrading 
large volumes of effluents cost-effectively. It is recommended for possible use ultrasonic 
irradiation or its combination with other AOPs to reduce the toxicity of pollutant streams 
to a certain level beyond which biological oxidation can take care of complete 
mineralization of the biodegradable products. An optimized pre-treatment stage (in terms 
of the oxidant dose and the reduction in the toxicity level) will substantially decrease the 
total treatment time and hence the size of the reactor using the combination technique. It 
is recommended that the added oxidants, e.g. hydrogen peroxide are completely utilized 
in the pre-treatment stage alone, as its continued presence may hamper the activity of the 
microorganisms. It is also important to analyze the constituents of the effluent stream 
after the pre-treatment stage as it may happen that some of the intermediates formed as a 
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Table A1. TOC degradation at different systems by Probe 
 
 
Degradation % OG-TOC H2O2 ml/l 
US UV US+UV O3 O3+US 
10 mg/l  0 18 11 19 41 52 
 0.25 9 18 23 46 55 
 1.25 15 25 33 38 51 
 2.5 15 24 24 28 45 
 5 17 17 22 27 40 
20 mg/l 0 5 14 12 53 63 
 0.25 15 20 37 50 58 
 1.25 16 28 42 44 53 
 2.5 13 26 44 39 51 
 5 11 27 38 38 43 
30 mg/l 0 7 5 8 58 60 
 0.25 7 7 13 51 53 
 1.25 12 8 33 45 47 
 2.5 7 14 45 38 42 
 5 11 30 37 32 37 
40 mg/l 0 2 4 7 47 52 
 0.25 5 10 20 43 50 
 1.25 5 15 30 36 47 
 2.5 3 25 35 36 43 





Table A2. Pseudo-first-order rate constant (kd) for ultrasonication, UV, and US+UV 
systems, and initial rate constants (kid) for ozonation and sonolytic ozonation by probe 
kd kid Orange G H2O2 ml/l 
US UV US+UV O3 US+O3 
k 0.0059 0.0407 0.0523 4.6925 5.2739 0 
R2 0.9795 0.9939 0.9967   
k 0.0054 0.1865 0.2579 5.7032 6.3854 0.25 
R2 0.9854 0.9906 0.9982   
k 0.0053 0.3582 0.426 2.965 3.5123 1.25 
R2 0.9992 0.9991 0.9932   
k 0.0052 0.315 0.3851 1.0259 1.4329 2.5 
R2 0.9857 0.989 0.9982   
k 0.0044 0.2332 0.2524 0.931 1.2352 
10 mg/l 
5 
R2 0.9640 0.9382 0.9979   
k 0.0042 0.0172 0.0259 2.0704 2.4042 0 
R2 0.9781 0.9978 0.9954   
k 0.0035 0.0808 0.1118 2.3226 2.6231 0.25 
R2 0.9841 0.9605 0.9886   
k 0.0029 0.2356 0.2631 1.5732 1.8436 1.25 
R2 0.9369 0.9731 0.9743   
k 0.0019 0.2190 0.2935 1.0665 1.3653 2.5 
R2 0.9919 0.9706 0.9799   
k 0.0014 0.2112 0.2379 1.0015 1.2144 
20 mg/l 
5 
R2 0.9824 0.9400 0.9272   
k 0.0038 0.0085 0.0145 1.6979 1.9812 0 
R2 0.9557 0.9816 0.9936   
k 0.006 0.0455 0.061 1.5856 1.8994 0.25 
R2 0.9916 0.9890 0.9822   
k 0.0033 0.1075 0.119 1.1325 1.2373 1.25 
R2 0.9963 0.9605 0.9803   
k 0.0031 0.1400 0.2454 0.9086 1.1764 2.5 
R2 0.9489 0.9552 0.9760   
k 0.0019 0.1202 0.1713 0.835 0.9811 
30 mg/l  
 
5 
R2 0.9013 0.9917 0.9757   
k 0.0028 0.0065 0.0107 0.9365 1.2421 0 
R2 0.9807 0.9840 0.9815   
k 0.0029 0.0220 0.0411 0.8471 0.9813 0.25 
R2 0.9796 0.9966 0.9939   
k 0.0032 0.0749 0.0862 0.6969 0.7638 1.25 
R2 0.9794 0.9840 0.9949   
k 0.0027 0.078 0.109 0.6702 0.7254 2.5 
R2 0.9571 0.9858 0.9836   
k 0.0027 0.0858 0.1264 0.4826 0.6021 
40 mg/l  
5 
R2 0.9749 0.9902 0.9769   
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Table A3 Rate constants of orange G at different conditions by the sonophotochemical 
reactor 
kd OG  H2O2 ml/l 
US UV at 254nm US+UV(254nm)
k 0.001 0.036 0.0416 0 
R2 0.9886 0.9857 0.9929 
k 0.0014 0.2289 0.2473 0.25 
R2 0.938 0.9998 0.9995 
k 0.0015 0.2889 0.3155 1.25 
R2 0.9779 0.9889 0.994 
k 0.0014 0.2469 0.2562 2.5 
R2 0.9963 0.9859 0.9979 
k 0.0012 0.2157 0.221 
10 mg/l 
5 
R2 0.9959 0.9983 0.9971 
k 0.0012 0.0247 0.0295 0 
R2 0.9806 0.9845 0.9985 
k 0.0013 0.1917 0.1919 0.25 
R2 0.9526 0.955 0.9934 
k 0.0012 0.2442 0.2769 1.25 
R2 0.9586 0.9586 0.9935 
k 0.0012 0.2897 0.3083 2.5 
R2 0.9873 0.9973 0.9871 
k 0.0011 0.179 0.2109 
20 mg/l 
5 
R2 0.9869 0.9946 0.9505 
k 0.0009 0.0229 0.027 0 
R2 0.9687 0.9949 0.9855 
k 0.0012 0.1832 0.2098 0.25 
R2 0.9248 0.9866 0.9817 
k 0.0012 0.2125 0.2688 1.25 
R2 0.9259 0.9889 0.9866 
k 0.0011 0.1653 0.2162 2.5 
R2 0.9546 0.99 0.9961 
k 0.0011 0.1227 0.1665 
30 mg/l  
 
5 
R2 0.9869 0.9964 0.9895 
k 0.0007 0.0215 0.0238 0 
R2 0.9862 0.9848 0.9946 
k 0.0008 0.1571 0.1792 0.25 
R2 0.9245 0.9839 0.9852 
k 0.001 0.1892 0.257 1.25 
R2 0.9172 0.9913 0.9866 
k 0.001 0.1508 0.2073 2.5 
R2 0.9519 0.9772 0.9893 
k 0.0008 0.1391 0.1603 
40 mg/l  
5 
R2 0.9438 0.9979 0.9843 
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